The perinatal period is a window of heightened plasticity that lays the groundwork for future anatomic, physiologic, and behavioral outcomes. During this time, maternal diet plays a pivotal role in the maturation of vital organs and the establishment of neuronal connections. However, when perinatal nutrition is either lacking in specific micro-and macronutrients or overloaded with excess calories, the consequences can be devastating and long lasting. The brain is particularly sensitive to perinatal insults, with several neurologic and psychiatric disorders having been linked to a poor in utero environment. Diseases characterized by learning and memory impairments, such as autism, schizophrenia, and Alzheimer disease, are hypothesized to be attributed in part to environmental factors, and evidence suggests that the etiology of these conditions may date back to very early life. In this review, we discuss the role of the early-life diet in shaping cognitive outcomes in offspring. We explore the endocrine and immune mechanisms responsible for these phenotypes and discuss how these systemic factors converge to change the brain's epigenetic landscape and regulate learning and memory across the lifespan. Through understanding the maternal programming of cognition, critical steps may be taken toward preventing and treating diseases that compromise learning and memory. Adv Nutr 2017;8:337-50.
Introduction
Beginning at fertilization, the perinatal period lasts through gestation and lactation until weaning. In utero, maternalfetal interactions are mediated via the placenta, an organ that regulates the exchange of oxygen and nutrients. The placenta also serves as a barrier that controls which endocrine and immune factors from maternal circulation reach the fetus. After birth, offspring continue to rely on the mother throughout lactation as their primary source of nutrition before completely transitioning to solid food. A majority of brain development occurs during the perinatal period. In humans, the brain begins to form ;2 wk postconception and reaches 80% of its adult size by age 2 y (1). Early gestation is marked by neuronal proliferation, differentiation, and migration. Synaptogenesis then continues throughout gestation, peaks between gestational week 34 and postnatal year 1, and tapers off just before adolescence. Apoptosis and pruning concurrently counteract proliferation and synaptogenesis by eliminating redundant and inappropriate connections to fine-tune the neuronal circuitry.
Both human and animal studies have investigated the effects of perinatal nutrition on a wide variety of disease outcomes, but to our knowledge, relatively few have focused on intellect and cognitive performance. Not only are several neurologic and psychiatric diseases characterized by impaired cognition, but learning and memory are essential skills at all stages of life. Thus, understanding the biological mechanisms of cognitive programming is important both in the realm of clinical medicine and in the general population. nutritional conditions affect the central nervous system. Because of its involvement in hunger, satiety, and energy homeostasis, the hypothalamus has received the most attention. Perinatal dietary perturbations have been shown to alter neuropeptide Y (NPY), pro-opiomelanocortin (POMC) 6 , leptin signaling, and insulin signaling in the arcuate nucleus of the hypothalamus, and therefore contribute to altered patterns of food intake and energy homeostasis (2) .
Transgenerational programming of cognitive function has also been examined. Learning and memory is a broad category of cognition that consists of several subdomains, such as episodic, declarative, and procedural memory. Specific brain regions have been implicated in these processes. For instance, the hippocampus is necessary for spatial navigation learning, whereas the cerebellum is heavily responsible for motor skills-based procedural memory. Moreover, communication between regions increases the computational capacity and allows for greater information integration, as is seen in the connections between the hippocampus, parahippocampus, and neocortex (3) . Such brain regions have been shown to undergo morphologic and functional changes in response to maternal diet, suggesting that higher cognitive processing may be shaped by perinatal nutrition ( Table 1) .
Perinatal undernutrition
Perinatal undernutrition is often modeled by intrauterine growth restriction (IUGR), specific nutrient deficiencies, or general caloric restriction. IUGR is a condition in which the fetus does not reach full growth potential because of inadequate oxygen and nutrient supply (28, 29) . IUGR produces lasting metabolic consequences, including glucose intolerance (30) , hypertension (31) , and impaired lipid metabolism (32) . Moreover, MRI studies have demonstrated a correlation between IUGR and reduced hippocampal volume in children (33, 34) . In addition to anatomical alterations, IUGR has been associated with negative cognitive outcomes, such as substandard intellectual capacity, poor spatial memory (35) , lower performance in school (36) , and lower intelligence quotient (37) .
Animal models of IUGR mimic uteroplacental insufficiency by uterine artery ligation, effectively limiting blood supply and growth factor availability via the placenta (38) . Along with nutrient deficiencies, this method also induces fetal hypoxia and hypoglycemia. Similar to observations in humans, animal studies have revealed changes in hippocampal neuron number and composition, as well as impaired learning and memory in response to IUGR (39) (40) (41) .
IUGR is a well-studied fetal model, but because it incorporates hypoxia, nutrient deficiency, and stress, it is often difficult to discern whether a single factor or a combination of factors is responsible for offspring outcome. By concentrating specifically on nutrient and caloric deficits, exact mechanisms may be more clearly identified. The first alternative to IUGR is general caloric restriction. Studies have used maternal diets ranging from 15% to 50% of normal caloric intake (42, 43) . Alternatively, specific nutrients may be reduced or completely excluded from the maternal diet. This includes micronutrients such as choline and iron or macronutrients such as protein. All 3 models have produced significant changes in the molecular substrates of learning and memory, as well as performance on hippocampus-dependent behavioral tests (Table 1) .
Neuronal proliferation, maintenance, and apoptosis. In humans and animal models, early childhood is marked by heightened synaptic connectivity followed by a period of synaptic pruning throughout adolescence. Any delay or imbalance in these processes can lead to undesirable cognitive outcomes later in life. Cellular processes such as neurogenesis, neuronal maintenance, and apoptosis are altered in response to early life malnutrition. For instance, general food restriction during gestation and lactation has been shown to reduce proliferation of dentate gyrus neurons in adult rat offspring (4, 9) . Although less severe, this loss of proliferation was similar in rats exposed to malnutrition only during lactation, suggesting that the entire perinatal period is sensitive to nutritional insults. Furthermore, maternal undernutrition studies have reported decreases in dendritic spine density in the cornu ammonis 1 region of the hippocampus (5). Such morphologic differences have been attributed to altered levels of brain-derived neurotrophic factor (BDNF), insulin-like growth factor (IGF) 1, myelin basic protein, and glial neurotrophic factor S-100b, all of which are essential factors that enhance neuronal proliferation, growth, and maintenance (7, 8, 17) .
Early life malnutrition disrupts apoptotic processes. During development, widespread neuronal apoptosis is particularly important in eliminating excessive neurons and glia. Data from the rhesus macaque cortex suggests a 25% reduction in dendritic spine density between postnatal weeks 8 and 12 (44) . This decrease is sustained at postnatal week 36 and further into adulthood. When synaptic connections are not scaled down, cognitive deficits can surface, as is the case in fragile X syndrome and other intellectual disability disorders (45, 46) . However, although early childhood pruning is necessary, excessive or inappropriate timing of apoptosis, especially during gestation, may result in insufficient or ineffective neuronal connections. Prenatal undernutrition has been demonstrated to increase apoptosis during fetal development. Fetal rats on a maternal choline-deficient diet showed higher amounts of cortical and hippocampal apoptosis than did controls (16) . Similar results were seen in offspring of baboon mothers on a 30% calorically restricted diet (7) . Caloric restriction resulted in reduced neuronal density and increased apoptosis in the subventricular zone of fetal brains collected halfway through gestation. This suggests an altered developmental time course, which may potentially lead to cognitive impairment later in life. Together, these studies indicate that perinatal malnutrition skews the balance between neurogenesis, maintenance, and apoptosis in the developing brain.
Synaptic function. Several studies have investigated the effects of maternal undernutrition on synaptic dynamics in offspring. Synaptic transmission in the hippocampus is mediated primarily by excitatory glutamatergic synapses. In addition to the primary ionotropic glutamate receptors N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA), the synapse involves numerous scaffolding proteins and neurotransmitters. Perinatal nutrient restriction has been shown to impair synaptic transmission by blunting long-term potentiation (LTP) and NMDA-independent post-tetanic potentiation (5, (10) (11) (12) . This may have implications for cognition, because LTP is commonly recognized as the molecular basis of learning. Another study proposed that nutrition-induced deficits in synaptic transmission may be attributed to a decrease in synaptic NO, a retrograde mediator of LTP (6) . Upon NMDA receptor activation, NO is synthesized in the postsynaptic neuron and diffuses into the synaptic cleft, where it then interacts with the presynaptic neuron by facilitating neurotransmitter release and mediating vesicle recycling. The observed reduction in hippocampal NO in response to maternal caloric restriction was accompanied by impaired spatial memory. In addition to retrograde neurotransmitters, perinatal environment also affects glutamate neurotransmission via AMPA and NMDA receptors in the hippocampus. NMDA receptors are particularly important for synaptic plasticity, because they allow for a high influx of postsynaptic calcium, which can act as a second messenger to modify synapses (47) . The NMDA receptor is a tetramer consisting of 2 N-methyl D-aspartate receptor (NR) 1 subunits, along with 2 NR2 or NR3 subunits. The NR2 subunit comes in 4 varieties, but the most well studied are the NR2A and NR2B varieties. These subunits differ in their calcium permeability, synaptic localization, and protein-binding partners. Over the course of the lifetime, the ratio of NR2A to NR2B increases and is believed to modulate synaptic plasticity (19, 48, 49) . Several studies have shown that IUGR alters the composition and function of NMDA receptors in the hippocampus (18, 50) . Such experiments suggest that a decrease in NR1 subunit expression may impair NMDA receptor availability and function. Studies also report changes in the ratio of NR2A to NR2B subunits in adolescent offspring exposed to IUGR (18) . This may point to an altered developmental time course and subsequent learning and memory deficits.
Although the aforementioned studies have focused on synaptic changes within the hippocampus itself, hippocampal neurons also receive modulatory subcortical inputs primarily via inhibitory interneurons (51) . Afferents from the raphe nuclei, the locus coeruleus, and the medial septum synapse onto intermediate g-aminobutyric acid (GABA) neurons, which then project to the hippocampus. Previous studies have indicated that prenatal protein malnutrition enhances GABAergic inputs to the hippocampus and suggest that altered GABAergic function may be caused by changes in serotonergic inputs (13, 14) . Indeed, protein-restricted rats showed a downregulation in the serotonin fiber density and uptake sites in the dentate gyrus and cornu ammonis 3 (15) . These studies postulate that the decrease in inhibitory serotonergic inputs to GABA interneurons allows the GABA neurons to more effectively inhibit primary hippocampal neurons. Together, these studies suggest that maternal undernutrition impairs neurotransmitter and receptor efficacy within the hippocampus itself and increases inhibitory GABAergic inputs.
Perinatal overnutrition
Despite residing at opposite ends of the spectrum, maternal undernutrition and overnutrition produce strikingly similar cognitive outcomes in offspring ( Table 1) . As with perinatal malnutrition, maternal overweight and obesity have been linked to lower cognitive scores and delayed mental development in children (52) (53) (54) (55) (56) . Animal models recapitulate these associations, showing that exposure to a perinatal high-fat diet (HFD) impairs hippocampal-dependent spatial memory and performance on the Morris Water Maze and the Barnes Maze (20, 21, 25) . Maternal overnutrition in animal models induces hyperphagia by ad libitum consumption of a highly palatable HFD in which 32-60% of total energy is derived from fat. As with IUGR, obesity is a systemic state that elicits a wide variety of immune and endocrine changes that combine to produce lasting cognitive effects.
Neuronal proliferation, maintenance, and apoptosis. Similar to perinatal undernutrition, maternal overnutrition has been shown to hinder nascent neuronal growth by altering differentiation and neurogenesis (22, 23) . Downregulation of neurogenesis was reported at 3, 7, and 10 wk of age in mice exposed to an HFD in utero (22) . Another study speculated that prenatal HFD-induced inhibition of neuronal differentiation was a consequence of upregulated neurogenic locus notch homolog protein (Notch) signaling and consequent suppression of proneural gene expression (23) .
In addition to new neurons, perinatal nutrition may also affect maintenance of mature neurons. A maternal HFD has been linked to decreased concentrations of BDNF and nerve growth factor, both of which promote dendritic survival and synapse maintenance (21, 24) . Indeed, the lower concentrations of BDNF in HFD-exposed offspring correlated with reduced total dendritic length and density. Furthermore, studies have observed disruptions in apoptotic processes in rat and mouse offspring that had been exposed in utero to a high-calorie maternal diet. Studies have found decreased pruning of mature neurons in the hippocampus during gestation (26) , as opposed to an upregulation of apoptotic-related proteins after weaning (20) . These findings may suggest that these animals are either unable to scale down excessive synapses or that they are unable to maintain important connections at the proper time points during development. Together, this indicates that the delicate balance between synaptic formation and pruning during the perinatal period is disrupted by overnutrition.
Synaptic function. Perinatal HFD exposure alters synaptic function in the hippocampus. A recent study by Page et al. (24) examined the effects of both a perinatal and postweaning HFD on learning and memory in SpragueDawley rats. The offspring received either an HFD or an unpurified diet during the perinatal period followed by either an HFD or an unpurified diet after weaning. On postnatal day (PND) 110, offspring exposed to an in utero HFD performed worse on a Morris Water Maze regardless of their diet during adulthood. qPCR revealed that offspring of HFD-fed dams had reduced expression of neurotrophins in the hippocampus. Furthermore, the offspring showed a decrease in synaptophysin, an important presynaptic protein involved in vesicle docking and neurotransmitter release. They also displayed a lower ratio of NMDA receptor subunit NR2B to NR2A, which has been associated with altered channel conductance and longterm memory deficits (57) . This suggests that a maternal HFD may interfere with learning and memory processes by altering dendritic spine maturation and synaptic transmission. In addition, the study highlights the permanence of perinatal phenotype, because the postweaning dietary intervention was unable to reverse the impaired behavioral performance.
In addition to the primary glutamatergic receptors, GABA receptors are also dysregulated in response to a perinatal HFD. Peleg-Raibstein et al. (27) found increases in GABA A receptor a2 subunit in the hippocampus in response to an HFD during gestation and lactation. This may suggest heightened subcortical inhibition in the hippocampus in response to a perinatal HFD. Multiple changes in receptor function and synaptic transmission within the hippocampus indicate that early life overnutrition can severely interfere with normal neuronal processes.
Systemic Physiologic Mechanisms
The maternal diet directs development by providing specific nutrients as building blocks for growth. However, nutrients do not act solely on the brain, but rather induce systemic changes that may also influence cognitive health. For example, HFD intake can alter hormone concentrations by promoting adiposity and increasing circulating leptin concentrations. Undernutrition may also affect endocrine function by inducing a stress response characterized by high glucocorticoid production (58). Furthermore, both maternal over-and undernutrition are associated with immunologic abnormalities that can interfere with offspring development. Nutrients themselves and the systems they activate then converge to modify the epigenome, changing the way genes and proteins are expressed in childhood and throughout adulthood.
Leptin
During pregnancy, maternally produced leptin and leptin produced by the placenta are transported to the fetus. Leptin receptors are expressed in the fetal brain as early as embryonic day 15 in mice and can bind leptin to promote brain development in utero (59) . After birth, leptin concentrations in the newborn are in part dictated by the high concentrations of leptin in breast milk. However, it is unknown whether this leptin is biologically active or how much the offspring is able to absorb (60) .
In the brain, leptin is perhaps best known for its role as a long-term satiety peptide. Leptin activates hypothalamic anorexigenic POMC/cocaine and amphetamine-related transcript pathways and inhibits orexigenic NPY/agouti-related protein neurons (61) . Although the hypothalamus hosts the highest density of leptin receptors in the brain, leptin receptors are widely expressed in other areas, including the hippocampus and neocortex. Leptin also serves as a crucial neurotrophic factor during development and in adulthood (62) . During the neonatal period, leptin concentrations surge between PNDs 4 and 15 in mice and rats, peaking at day 10 (63, 64) . In mice, the leptin surge is critical in establishing connections in the hypothalamus and hippocampus (65) (66) (67) . In animal models, leptin has been shown to enhance dendritic and synapse morphology, promote NMDA receptor-dependent synaptic transmission, and possibly improve learning and memory in adulthood (68, 69) . Cortical development and neurogenesis are also dependent on leptin signaling (70) . Here, leptin promotes axon development via MAPK and AKT pathways, such that the inhibition of MAPK or AKT activation prevents leptin-mediated axonal outgrowth (71) . Leptin receptors at the axonal growth cone also regulate the expression of growth-associated protein 43 and proper axon formation.
Extreme leptin concentrations may have adverse effects on the developing brain. Both prolonged and intermittent caloric restriction result in lower leptin concentrations (72) . Perinatal undernutrition has been shown to blunt the postnatal leptin surge in rat pups (73) . Given leptin's critical role in neurodevelopment, it is no surprise that the leptin deficiency observed in perinatal protein restriction results in altered hypothalamic connections, including a reduction in innervation of the paraventricular nucleus by agouti-related protein and a-melanocyte stimulating hormone fibers (74) . Conversely, elevated caloric intake is marked by hyperleptinemia. Although leptin facilitates hippocampal growth and plasticity, the literature indicates that a maternal HFD is not beneficial to offspring cognition. It appears that the concentration and duration of leptin exposure determine molecular and behavioral outcomes. Moderate concentrations of leptin have been shown to improve memory, whereas high concentrations impair memory and synaptic transmission (75, 76) . In addition, whereas acute neonatal leptin treatment has been shown to improve neurogenesis (77), the effect of long-term leptin exposure on the hippocampus and other brain regions remains largely unknown.
Further evidence suggests that, as in the hypothalamus, high leptin concentrations induce leptin insensitivity or even resistance in the hippocampus. In the hypothalamus, leptin resistance is attributed to reduced leptin transport across the blood-brain barrier, impaired leptin receptor trafficking, and aberrant leptin receptor signaling (78) (79) (80) (81) (82) (83) . Rat models suggest that overactivation of leptin pathways may produce similar effects in the hippocampus. Consumption of an HFD resulted in an elevation in hippocampal dendritic spine density, but impaired episodic memory measured by poor performance on a novel object recognition task. Despite the dendritic hypertrophy, offspring of HFD-fed dams displayed lower hippocampal AKT phosphorylation in response to a leptin challenge, suggesting a desensitization of this pathway (84) . Thus, hyperleptinemia may desensitize signaling in the pathways necessary for proper neuronal morphology and subsequent learning and memory.
Another possibility is that poor perinatal nutrition inappropriately alters the timing of leptin-induced neurodevelopment in learning and memory-associated brain regions. Ugadawa et al. (85) suggested that low leptin concentrations maintained neural progenitor cells, whereas high concentrations promoted neuronal differentiation. Thus, the neonatal leptin surge may initiate differentiation and subsequent synaptic development. This hypothesis has been tested in the hypothalamus. Normally, leptin-deficient ob/ob mice display altered arcuate projections; however, this phenotype can be rescued with leptin injections from PND 4 to PND 12, suggesting that leptin serves a crucial function during this window of hypothalamic development (62) . A handful of studies have investigated how the timing of the leptin surge affects neurodevelopment and brain function in the long term. In a mouse model, maternal undernutrition resulted in an earlier leptin surge, along with abnormal POMC neuron nerve fiber projections and elevated NPY and cocaine and amphetamine-related transcript nerve terminal densities in the hypothalamus (73, 86) . Another rat study suggested that perinatal protein restriction delays and blunts the leptin surge and impairs neuronal projections to the paraventricular nucleus (74) . Although these studies disagreed on which direction perinatal restriction shifts the leptin surge, they both demonstrated that any mistiming alters hypothalamic organization. Given the different developmental mechanisms and timelines for each brain region, it is difficult to predict whether the timing of leptin signaling would affect the hippocampus and cortical areas as severely as it does the hypothalamus. Although this avenue of research has yet to be fully explored, postnatal leptin injections in mice between PNDs 2 and 14 resulted in greater expression of synaptic proteins in the hippocampus, suggesting that an exaggerated leptin surge may indeed alter hippocampal development (87) .
Inflammation
Systemic inflammation is a common consequence of obesity and HFD consumption. As adiposity increases, so does the number of macrophages present in white adipose tissue. These macrophages secrete cytokines and chemokines and inhibit the production of anti-inflammatory adiponectin, further perpetuating an inflamed state. There is also evidence that IUGR increases inflammatory response, with pregnant mothers and fetuses displaying elevated serum concentrations of inflammatory markers, including TNFa, IL-6, and C-reactive protein (88) . Although peripheral inflammation is marked by a release of adipokines from white adipose tissue, neuroinflammation is mediated by microglia. Environmental disruptions and pathogens activate microglial toll-like receptors and initiate the release of cytokines, adhesion molecules, and free radicals. Although mediated by different cell types, peripheral and central inflammation are interdependent processes. Systemic inflammation has been shown to induce long-lasting neuroinflammation via TNFa and inflammatory cytokines that cross the blood-brain barrier (89) . Furthermore, obesity has been demonstrated to induce the expression of cytokines and the proinflammatory transcription factor NF-kB in the hypothalamus (90) .
Several inflammatory factors, including TNFa and IL-1b, mediate synaptic functions critical to learning and memory. Such factors can exert positive effects on synaptic dynamics. Specifically, TNFa mediates AMPA receptor expression and hippocampal development and function (91, 92) , whereas IL-1b is necessary for LTP maintenance (93, 94) . However, overactivation of microglia can have detrimental consequences at the synapse. Peripheral inflammation reduces LTP and long-term depression and alters AMPA-mediated currents in rat hippocampal slices (95) . Moreover, the effects of IL-1b appear to be dose-dependent such that higher concentrations of IL-1b inhibit LTP through the activation of p38 and NF-kB signaling and reduced BDNF activity (96, 97) . These molecular events correspond with impaired spatial memory and contextual fear conditioning (98, 99) .
In addition to influencing neuronal function, maternal immune activation also appears to be a key player during neurodevelopment. Inflammatory cytokines have been shown to cross the placenta and the blood-brain barrier and have been measured in the uterus, fetal circulation, and the fetal brain (100). This implies that diet-induced inflammation may directly affect the developing fetus. Numerous studies have demonstrated the detrimental effects of maternal immune activation on offspring brain morphology and behavior. For instance, LPS administration during gestation has been shown to increase TNFa and IL-1b mRNA in the fetal brain and alter the glia cell population (101) . Observed changes in cell density, reelin expression, and neurogenesis in the hippocampus further suggest that learning and memory may be particularly sensitive to maternal immune events (92, 102) . Indeed, these morphologic changes are accompanied by a series of learning and memory-specific behavioral deficits, including impaired performance on the Morris Water Maze and novel object recognition task (92) .
Maternal inflammation may impair offspring cognition by disrupting processes that mediate cell survival and neurogenesis. Evidence suggests that maternal cytokines may induce fetal microglia activation and cytokine production. A recent study demonstrated that a perinatal HFD increased Notch1/Hes family BHLH transcription factor 5 (Hes5) signaling in the hippocampus, suggesting inflammationinduced suppression of neuronal differentiation and neurogenesis (103) . Furthermore, TNFa and IL-1b have been shown to serve cytotoxic roles in the brain. In vitro studies have shown that TNFa promotes neuronal death via activation of reactive oxygen species and the jun amino-terminal kinase pathway, as well as through higher glutamate production (104) (105) (106) (107) (108) . Similarly, IL-1b can cause cell death by inducing the release of toxic concentrations of glutamate (107) , and can prevent BDNF-dependent survival through the mechanistic target of rapamycin autophagy pathway (109, 110) . In addition to neurons, oligodendrocytes are negatively affected by immune activation (111) (112) (113) . With reduced glial support, the neuronal function may be even further compromised. Maternal inflammation changes apoptotic and proliferative processes in brain development and results in structural and functional abnormalities, as well as pervasive behavioral impairments.
Epigenetic Mechanisms
Epigenetics can be defined as factors that alter gene expression without changing primary DNA sequence. Epigenetic marks may fall into 1 of 3 categories: DNA methylation, histone modification, and noncoding RNA. DNA methylation is the process in which DNA methyltransferases (DNMTs) add methyl groups to DNA, typically to the five-carbon in a cytosine-guanine (CpG) sequence. Increased methylation, especially in the promoter region, recruits methyl CpG binding domain proteins and other repressive factors that close the chromatin and prevent the RNA polymerase II complex from initiating transcription. Transcription is also influenced by chromatin state, which is mediated in part by histone modifications. Methylation, acetylation, phosphorylation, or ubiquitination modifications at different positions on the histone tail may either activate or deactivate transcription by changing the way DNA wraps around the nucleosome. Finally, noncoding RNAs may interact with chromatin modifiers or act as molecular scaffolding to regulate large-scale epigenetic control of transcription and translation (114) . MicroRNAs, for example, bind to the 39 UTR of mRNA and recruit the RNA-induced silencing complex, which degrades the mRNA and prevents translation.
Unlike primary genetic sequence, epigenetic modifications are more labile and can be altered by environmental cues. DNA sequence only undergoes de novo mutations such as deletions, single-nucleotide polymorphisms, and copy number variations arising from extreme conditions such as cancer or environmental radiation. Epigenetic modifications, however, are much more sensitive to subtle environmental stimuli, having been shown to respond to conditions such as psychological stress and poor diet. However, epigenetic modifications attained during development become more solidified once the critical period ends. Thus, early-life nutritional disruptions can impair learning and memory across the lifespan.
Maternal programming refers to the impact of in utero environment on epigenetics and offspring health. The epigenome is easily shaped by environmental factors during the perinatal period. Large-scale epigenetic remodeling occurs after fertilization when a majority of the genome undergoes active and passive demethylation followed by de novo methylation (115) . Because of the extensive crosstalk between histone marks and DNA methylation, there is evidence that histone modifications can recruit DNMTs or change chromatin accessibility in order to influence methylation state (116) . This erasure and resetting of epigenetic marks is an opportune time for disruptions in the fetal environment to influence the epigenetic landscape.
To date, most studies have focused on the effects of perinatal nutrition on energy homeostasis and hypothalamic development (117, 118) . For example, maternal malnutrition was shown to decrease methylation of the POMC and glucocorticoid receptor (GR) promoters and alter histone marks in the sheep hypothalamus (119, 120) . Similarly, perinatal overnutrition altered hypothalamic feeding circuitry through hypermethylation of the POMC promoter (121) . Moreover, these effects appear to be long-lasting, with altered methylation status not being reversed by nutritional intervention later in life (122) . Outside the hypothalamus, a prenatal HFD is associated with altered reward circuitry via global and genespecific DNA hypomethylation in the nucleus accumbens and prefrontal cortex (123) . This includes increased expression of the dopamine transporter and preproenkephalin, accompanied by decreased methylation in their respective promoter regions. DNA methylation of the m opioid receptor promoter, a gene that participates in food and drug reward, displayed increased promoter methylation, higher recruitment of methyl CpG binding protein 2 (MECP2), and a more inactive chromatin state in response to a perinatal HFD (124) .
Less is known about the role of perinatal nutrition in the epigenetic programming of cognitive outcomes. One of the few studies that has attempted to combine diet, epigenetics, and cognition found that IUGR rats showed lower global DNA methylation, altered histone 3 (H3) acetylation, and decreased hippocampal expression of DNMT1, histone deacetylase (HDAC) 1, and MECP2 at birth than did controls (125) . IUGR was also shown to target specific pathways in the rat hippocampus, including the PPAR, wingless-type MMTV integration site family (Wnt) signaling, and glucocorticoid pathways (126) . Changes included reduced global H4K20 methylation in the hippocampus and downregulation of peroxisome proliferator-activated receptor g (Pparg), SET domain lysine methyl transferase 8 (Setd8), and wingless type 3a (Wnt3a), genes that are crucial in proper neurodevelopment. Furthermore, IUGR and maternal undernutrition induced higher hippocampal GR expression and altered histone methylation and acetylation in the GR promoter (127, 128) . Long-term glucocorticoid exposure has been linked to hippocampal damage and is hypothesized to render the brain more susceptible to injury (129, 130) . Together, the evidence suggests that perinatal undernutrition may affect cognitive function via epigenetic mechanisms. In the remainder of the review, we will survey the direct nutrient mechanisms, as well as the systemic immunologic and hormonal mechanisms by which the epigenetic landscape is regulated.
Direct regulation: micro and macronutrients as cofactors and methyl donors. Specific nutrients are structurally and functionally implicated in the epigenetic machinery. Because of their role as cofactors and methyl donors, specific micronutrients may be responsible for mediating epigenetic processes in response to the maternal diet. For instance, iron and zinc are 2 minerals that are critical to proper epigenetic modifier activity. Iron serves as a cofactor in jumonji C-mediated demethylation of various H3 lysine residues, whereas zinc is required for the catalytic function of the majority of HDACs and DNMT1 (131) (132) (133) . In addition, zinc is a catalytic ion for enzymes that synthesize the methyl donors needed for DNA and histone methylation (134, 135) . In an iron-deficient perinatal environment, rats had lower concentrations of BDNF and reduced expression of H3 demethylases in the hippocampus (136) . Fetal iron deficiency was also shown to increase HDAC activity, alter histone methylation, and decrease DNA methylation at exon IV of Bdnf, resulting in lower transcription of hippocampal Bdnf (137). These effects were measured well into adulthood. Similarly, zinc deficiency results in decreased histone modification and DNA methylation in the murine liver (138) .
In addition to serving as cofactors for epigenetic modifiers, micronutrients can themselves act as methyl donors in DNA and histone methylation processes. The roles of choline and folate in methylation events are well studied. Both are crucial components of one-carbon metabolism, a pathway involved in such functions as nucleic acid synthesis and repair, as well as the production of methyl donors (139) . In this pathway, choline is oxidized to betaine, which may be used to generate methionine and the universal methyl donor S-adenosylmethionine (140) . Folate, as with choline, also participates in the methionine cycle. Methylenetetrahydrofolate reductase reduces folate to 5-methyltetrahydrofolate, after which methionine synthase transfers its methyl group to homocysteine to form methionine and tetrahydrofolate and, in turn, S-adenosylmethionine (141). Padmanabhan et al. (142) demonstrated the importance of one-carbon metabolism and the methionine cycle in epigenetic regulation. When methionine synthase reductase, an activator of methionine synthase, is mutated, mice show aberrant DNA methylation, which can be inherited across generations. These results point to the necessity of adequate dietary methyl donors in maintaining a healthy epigenome.
In animal models, prenatal availability of nutrients involved in one-carbon metabolism are critical for methylation events later in life. When rats were fed either a choline deficient, supplemented, or control diet during embryonic days 11-17, fetuses of the rats on the choline-supplemented diet showed increased H3 lysine residue 9 dimethylation (H3K9Me2) and increased protein expression of histone lysine methyltransferases euchromatic histone lysine methyltransferasse 2 (G9A) and suppressor of variegation 3-9 homolog 1 (SUV39H1) in the cerebral cortex (143) . Choline-deficient fetal mice had lower global H3 methylation, lower calbindin 1 mRNA expression, and lower hippocampal neuronal proliferation (144) . In addition, different concentrations of prenatal choline perturbed the expression of DNMT1 and DNMT3 in the cortex (145) . Choline also affected global and Igf2 gene DNA methylation, suggesting possible differences in neuronal proliferation and survival, as well as synaptic development (146) (147) (148) .
Along with choline, maternal folate has been shown to alter DNA methylation and histone modifications. Children subjected to maternal folate supplementation had altered DNA methylation of the Igf2 gene (149) . Severe maternal folate deficiency also results in neural tube defects (NTDs) in which the brain and spinal cord fail to develop normally. In one study, brain tissue was collected from fetuses that were diagnosed with NTDs from low maternal folate intake (150) . Folate deficiency resulted in lower concentrations of H3 lysine residue 79 dimethylation and reduced H3 lysine residue 79 dimethylation binding at NTD genes. When given a diet deficient in the methyl donors folate, choline, and methionine, rats showed increased anxiety behavior and altered methylation of neurontin, a gene important for neonatal brain development (151) .
As with micronutrients, macronutrients may serve as methyl donors and can interact with histone modifiers. For instance, amino acids play a large role in one-carbon metabolism. Methionine, an essential amino acid, acts as a substrate that is converted into S-adenosylmethionine. Thus protein deficiency may reduce methyl availability and subsequent DNA methylation. Fats can also act directly on epigenetic modifiers and methylation processes. For instance, SCFAs such as butyrate and acetate have been shown to inhibit HDACs and alter DNA methylation (152, 153) . Furthermore, acetyl-CoA, the end-product of b oxidation, is a rate-limiting cofactor in histone acetylation (154, 155) . v-3 PUFAs are perhaps the most well-studied lipid mediators of brain development (156) . Although they serve a variety of FIGURE 1 A poor early-life diet creates a systemic state characterized by heightened inflammation, as well as leptin and glucocorticoid concentrations. These factors converge to induce epigenetic modifications that disrupt neuronal development and function, ultimately compromising cognitive performance.
functions, reports have suggested that v-3 FAs may modulate epigenetic events. In cells, v-3 FA treatment suppresses the expression of enhancer of zeste 2 (Ezh2), an enzyme responsible for H3 lysine residue 27 trimethylation (157) . DNA methylation also appears to be affected by v-3 PUFA supplementation; however, it is unclear whether v-3 FAs act primarily through their role as mediators of inflammation, structural components of membranes, or epigenetic modulators (158, 159) . Because of the bidirectional recruitment and interaction between histone modifications and DNA methylation, fats have the potential to perturb chromatin state and severely affect transcription. Further study is necessary to discern the direct impact of macronutrients on epigenetic processes and how these affect learning and memory.
Systemic regulation: inflammation and leptin. Another possibility is that macronutrient deficiency or overabundance may induce systemic changes that interfere with epigenetic processes. Extended periods of protein deficiency or excessive HFD consumption are often accompanied by altered hormonal and inflammatory states, as discussed previously. These factors can themselves induce epigenetic changes. In the case of inflammation, evidence suggests that cytokines exert epigenetic control by upregulating DNMT1 expression and inducing subsequent DNA hypermethylation (160) . Perinatal models of inflammation have corroborated these findings in the mouse brain. Offspring that were subjected to inflammationinducing polyinosinic-polycytidylic acid in utero displayed hypomethylation of long interspersed nuclear element 1 (LINE1) elements and the MECP2 promoter in the striatum and hypothalamus (161) . In a similar experiment, maternal cytokine activation was shown to disrupt histone modification. Exposure to polyinosinic-polycytidylic acid late in gestation subtly altered concentrations of H3 lysine residue 4 trimethylation (H3K4Me3) in the cerebral cortex, resulting in impaired performance in a T-maze working memory task (162) . Thus, maternal dietary perturbations that affect immune status may induce epigenetic changes in the brain that directly affect cognitive processes.
Similarly, early life diet can influence endocrine production. For instance, obesity and HFD intake is associated with hyperleptinemia. Neonatal leptin supplementation in a rat model decreased Pomc promoter methylation in the hypothalamus (163) . Changes in methylation were not observed around the leptin receptor (Lepr) and suppressor of cytokine signaling 3 (Socs3) genes. Thus, it is unknown whether leptin would have affected DNA methylation of specific genes in the hippocampus important for learning and memory. In addition to DNA methylation, histone acetylation is also mediated by leptin. Leptin has been shown to act in a signal transducer and activator of transcription 3-dependent matter. One study showed that leptin-activated signal transducer and activator of transcription 3 binds the cyclin D1 promoter and recruits histone acetyltransferase steroid receptor coactivator 1 to increase acetylation at the locus (164) . Additionally, leptin activates the HDAC sirtuin 1. In a leptin-deficient ob/ob mouse model, sirtuin 1 was shown to be necessary for leptin's anorectic effects (165) . In a human neuroblastoma cell line, increased sirtuin 1 activity was accompanied by lower histone acetylation in the NF-kB promoter and reduced amyloid B protein accumulation (166) . This mechanism is particularly interesting, because it may account for the epidemiological data linking low circulating leptin, low hippocampal gray matter volume, and higher incidence of Alzheimer disease (167, 168) .
Conclusions and Future Directions
Maternal diet is a major determinant of offspring health. Most studies have focused on metabolic consequences of perinatal nutrition; however, an expanding body of literature has recently begun to address the maternal programming of cognition and psychiatric disease. Both nutritional deficit and excess result in poor cognitive performance later in life. We propose that inadequate nutrition creates a dangerous in utero environment lacking adequate building blocks for neuronal function. Furthermore, systemic inflammation and hormonal imbalance add to this volatile milieu that can disrupt neurodevelopment and change the fetal epigenome. Consequently, the brain is equipped with insufficient anatomical and genetic machinery to carry out normal cognitive processes.
Diet influences every organ and body system, which can, in turn, affect brain health. However, although nutrition induces comprehensive changes, many of these effects, especially those involving immune and endocrine function, converge to alter epigenetic processes (Figure 1) . Thus, epigenetics is an enticing area of future study. Future investigation should focus on understanding the route by which maternal diet alters the epigenome within specific brain regions and should track how such changes impact long-term cognitive outcomes and psychiatric health. Just as nutritional status is a systemic state, researchers should treat the epigenome as an integrated network. Rather than focus on epigenetic modifications of individual genes, future work should aim to understand how diet epigenetically regulates the entire learning and memory process. This includes examining the role of epigenetics in neuronal differentiation and survival, dendritic morphology, synaptic scaffolding, and neurotransmitter release and receptor function. By better understanding how early-life diet programs long-term cognitive health, effective steps may be taken to prevent and treat psychiatric disorders.
